ABSTRACT: The melting temperature (T m ) of DNA is affected not only by salt but also by the presence of high molecular weight (MW) solutes, such as polyethylene glycol (PEG), acting as a crowding agent. For short DNAs in a solution of low MW PEGs, however, the change of excluded volume upon melting is very small, leading to no increase in T m . We demonstrate herein that by attaching 12-mer DNAs to gold nanoparticles, the excluded volume change was significantly increased upon melting, leading to increased T m even with PEG 200. Larger AuNPs, higher MW PEGs and higher PEG concentrations show even larger effects in stabilizing the DNA. This study reveals a unique and fundamental feature at nanoscale due to geometric effects. It also suggests that weak interactions can be stabilized by a combination of polyvalent binding and the enhanced macromolecular crowding effect using nanoparticles.
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Macromolecules such as proteins, RNA, and DNA occupy 20-40% of a live cell's volume. 1 Due to their mutually impenetrable nature, the excluded volume occupied by each macromolecule is larger than its geometric volume, making the addition of new polymers into this crowded system thermodynamically disfavored. This fundamental biophysical effect has a strong influence on many biochemical reactions including protein folding, oligomerization, and DNA hybridization and melting.
2 Much attention has been given to the process of DNA melting, as this reaction plays an important role in biology and biotechnology.
3-8 At the same time, DNA length and sequence can be easily varied to allow systematic studies.
Upon melting, the excluded volume of a DNA is increased. Therefore, melting is usually disfavored in macromolecularly crowded environments to give rise to more stable DNA duplex and increased melting temperature (T m ). Polyethylene glycol (PEG) is the most commonly used crowding agent. PEG has been shown to both stabilize and destabilize DNA, depending on PEG molecular weight (MW), DNA length and salt concentration. For example, with 8 to 17 base pair (bp) DNAs in the presence of 1 M NaCl, only destabilization (reduced T m ) was observed even with 20% PEG 8000. 7 By reducing the salt to 100 mM, stabilization of a 20 bp DNA was observed with 15% PEG 6000. 5 On the other hand, with ~200 bp DNAs, an increase in T m was achieved when the PEG MW was greater than 400-1000. 4 This is because under otherwise identical conditions, longer DNAs produce larger excluded volume increase upon melting. The fact that decreased T m was also sometimes observed suggests that PEGs play a dual role on DNA stability. In addition to the excluded volume effect for stabilization, PEGs also reduce the water activity and solvate DNA bases leading to decreased T m . 4, 5, 7 In this paper, macromolecular crowding (MC) describes solely the excluded volume effect while the chemical interaction between PEG and DNA is called the destabilizing chemical effect. Efforts to dissect these two effects have been recently carried out. In general, small PEGs tend to have a strong destabilizing chemical effect and weak MC effect, leading to an overall reduced T m . 8 Based on the understanding of excluded volume, we consider that attaching short DNAs to a larger object, such as a gold nanoparticle (AuNP), might augment the excluded volume change upon DNA melting and thus amplify the MC effect. This hypothesis is supported by a simple geometric calculation that will be discussed later. Since its first report in 1996, 9,10 DNA-linked AuNPs are probably one of the most well-studied systems in bionanotechnology. 11, 12 This system has many unique properties including a blue-to-red color change upon melting and a sharp melting transition. The melting of such DNA-linked AuNPs in high MW PEGs (MW > 8000) with 300 mM NaCl has been previously reported where DNA melting was qualitatively similar in the presence or absence of AuNPs. 13 We consider that with such high MW PEGs and salt, even free DNAs were effectively stabilized and the role of AuNPs might have been masked. 8 Herein, we focus on low MW PEGs in low salt conditions. We report for the first time that the T m of AuNP-attached DNA was increased in the presence of even PEG 200, while free DNAs still showed reduced T m . The T m increase positively correlated with AuNP size, supporting that AuNPs can amplify the MC effect. We respectively functionalized 13 nm AuNPs with two kinds of thiol-modified 12-mer DNA and assembled them using a 24-mer linker DNA. The temperature of the sample was gradually increased to induce DNA melting and AuNP disassembly as shown in Figure 1A . 11 Since the melting of either 12-mer DNA can induce AuNP disassembly, a 12-mer DNA duplex in the absence of AuNPs was also prepared as shown in Figure 1B . To achieve high precision and high throughput in T m measurement, these free DNAs were labeled with a fluorophore and quencher respectively and a real-time PCR thermocycler was used to obtain melting curves. This fluorescence method was previously reported, 14 and a comparison to the tradition method based on the UV hyperchromic effect has been recently carried out. 15 Based on this report, our fluorescent DNA should give precise and accurate T m results.
The melting curves of the AuNP-free fluorescent DNA in water, 5% (w/w) glycerol, ethylene glycol (EG), or PEGs of different MWs are shown in Figure 2A . All the solutions also contained 50 mM NaCl, 10 mM HEPES, pH 7.6. The fluorescence intensity gradually increased with increasing temperature, indicating DNA melting. The sample in water was measured 12 times and the coefficient of variation was only 0.4% ( Figure 2C , red square), supporting the outstanding reproducibility of fluorescence measurement. Glycerol, EG, as well as PEG 200 destabilized the DNA, while PEG 2000 and above stabilized it. T m as a function of PEG MW is shown in Figure 2C . Compared to the sample in water (red square), the T m decreased ~1.2 C in PEG 200. PEG 2000, 8000, and 20000 stabilized the duplex but only for ~0.9 C, which was highlighted by the dashed lines in Figure 2C . This result is consistent with literature reports that the stabilization effect was very small for short DNAs. 7 Record and co-workers recently reported that small PEGs had stronger destabilizing chemical effects than the excluded volume interaction, resulting in reduced T m . 8 On the other hand, high MW PEGs had strong excluded volume stabilization while the destabilizing chemical interaction was attenuated since a large fraction of the PEG chains were shielded. The transition to an overall stabilization occurred at PEG 400, and PEGs larger than 2000 did not show further stabilization in the presence of the same PEG monomer unit concentration (i.e. w/w concentration). Our observations in Figure 2C are in good agreement with this report and thus can be explained by their model. Next the melting curves of DNA-linked 13 nm AuNPs were measured. Representative TEM micrographs and UV-Vis spectra of these AuNPs are presented in Supporting Information. As shown in Figure 2B , the AuNP extinction at 260 nm was monitored as a function of temperature. Melting with AuNPs occurred in a much narrower temperature range, which is characteristic of such polyvalent DNA binding systems undergoing cooperative melting transitions. 16 Interestingly, all of the PEGs induced stabilization in the presence of AuNPs, even for PEG 200; while small molecule solutes (glycerol and EG) still showed reduced T m , suggesting the important role of the MC effect acting on the AuNPs. The excluded volume interaction with AuNPs must be so large that it over-compensated the destabilizing chemical effect of PEG 200 on the DNA. This is the first time that an increase in duplex DNA T m was observed for such small PEGs and short DNA, 5, 17 highlighting the crucial role of AuNPs. With higher MW PEGs, a T m increase up to 3.9 C was achieved ( Figure 2D ), which was more than four fold of that for the free DNA. In this regard, the MC effect was amplified by the presence of AuNPs.
So 13, 20 , and 30 nm AuNPs functionalized with the same DNAs. Their melting curves were measured in 10% PEG 200. As shown in Figure 3A , stabilization was observed even with 5 nm AuNPs, although the T m shift was only ~0.9 C. Very large T m shifts exceeding 3 C were achieved with 20 and 30 nm AuNPs ( Figure  3B , C). The T m increase was plotted as a function of AuNP size in Figure 3D (red dots); larger AuNPs produced a higher increase in T m .
With a high density of polyanionic DNA, these AuNPs are known to enhance the local cation concentration, which stabilizes duplex DNA. 14, 18 The effect of salt on DNA melting, 19 and especially in a crowded environment has been carefully studied. [4] [5] [6] To understand whether the presence of AuNPs can affect the association of salt with DNA in such a crowded environment, we measured the T m of AuNPs as a function of NaCl concentration. As shown in Figure 3E , a linear relationship was obtained both in the presence and absence of 10% PEG 200, which is typical for DNA melting. The slope of these curves is proportional to the number of sodium ions bound to DNA upon duplex formation or released upon melting. [4] [5] [6] A smaller slope was observed in the presence of PEG, suggesting that PEG reduced the number of Na + associated with DNA upon forming AuNP aggregates and this is similar to the behavior of free DNA. [4] [5] [6] Figure 3E also showed that the T m shift was larger in lower salt buffers. For example, with 15 mM NaCl, 10% PEG 200 was able to increase T m by ~6 C for the 13 nm AuNPs. This property has also been reported for free DNA that the crowding effect was more pronounced for weak interactions. [4] [5] [6] Therefore, the presence of AuNPs did not change the interaction between salt and DNA. We rationalize our observations based on the model shown in Figure 4A . First, if only two AuNPs are linked by DNA to form a dimer and PEGs cannot penetrate through the DNA layer, the excluded volume of this dimer is the volume encased by the blue solid line. The thickness of this line is determined by the size of PEG, which is ~0.4 nm for PEG 200 (i.e. the hydrodynamic radius). 20 Here, PEG is treated as a hard sphere (e.g. the green spheres in the figure), and its center is excluded from the blue line. Therefore, the excluded volume becomes much larger with high MW PEGs. In the absence of PEG, the excluded volume is the same as the geometric volume and there is no crowding effect. By treating PEGs as hard spheres we assumed that they were in the dilute regime. This assumption is supported by the fact that the onset of chain overlap occurs at ~33% for PEG 200, 21 which is much higher than the 5-10% concentration range used in this work. After melting, the excluded volume increases. This increase originates only from the pendular ring between the two AuNPs, as the rest is not affected by melting. The volume of this pendular ring before melting is given by V p = F(R,), where R is the radius of the DNA-functionalized AuNP and  is the angle related to the PEG and AuNP size.  defines the boundary of the pendular ring (i.e. PEG is excluded from the volume within the  angle). For 13 nm AuNPs in the presence of PEG 200, this pendular volume is calculated to be 10.7 nm 3 . After melting, the new excluded volume from this region is calculated to be 101 nm 3 , giving an increase of 90.3 nm 3 . If the AuNP size is increased to 30 nm, the increase of the excluded volume reaches 223 nm 3 , which is consistent with our observation that the T m shifts more for larger AuNPs. The calculated excluded volume change is plotted as a function of AuNP size in Figure 3D (blue squares) and a roughly linear relationship is observed. The change of T m , however, is not linear (red dots). The model presented here is an idealized geometric model with a number of assumptions and simplifications. For example, it does not consider the DNA conformational change upon melting, the number of DNA linkages between AuNPs, or the excluded volume of the linker DNA. Building a more precise model will be a subject of future studies. The detailed geometric deduction of the current model is included in Supporting Information.
So far, we only considered the melting of two AuNPs. The excluded volume change is further amplified if we consider that each AuNP aggregate contains hundreds to thousands of AuNPs and each AuNP can, maximally, be in contact with twelve others in a close packed form. Therefore, on a per particle basis, the above calculated excluded volume increase should be multiplied by a factor up to six. 22, 23 It is known that under our experimental conditions the packing of AuNPs was likely to be non-crystalline and fractal ( Figure 4B ), 24 giving a factor smaller than six.
In the above discussion, we fixed the PEG MW to be 200 and varied the AuNP size. In the following, the AuNP size is fixed and PEG MW and concentration are varied. For this purpose, the following equation describes the change of melting temperature T m due to the excluded volume change V ex upon DNA melting.
where R is the gas constant, H is the enthalpy of DNA melting, T m 0 is the T m in the absence of PEG, and C p is the molar concentration of PEG. Equation (1) 
predicts a linear relationship between
T m and C p . We performed PEG 200 concentration-dependent T m measurements using 13 nm AuNPs. As shown in Figure 3F , such a linear relationship was indeed observed, further confirming that the MC effect was taking place even with AuNPs. The original melting traces and also the melting of 30 nm AuNPs are presented in Supporting Information.
Usually H does not change much in the presence of PEG. 5, 8, 25 Therefore for PEGs of different MW, T m is mainly determined by V ex and C p . According to our geometric model, higher MW PEGs should give rise to larger V ex . For example, we estimated that V ex for a 13 nm AuNP dimer with PEG 2000 and 8000 to be 492 and 1917 nm 3 , respectively. With a concentration of 5% (w/w), the molar concentration of PEG 8000 was only a quarter of that of PEG 2000. The fact that they had a similar T m in Figure 2D also supported our geometric model. Even with AuNPs, the destabilizing chemical effect can still act on DNA. This can be concluded from the reduced T m in the presence of glycerol and EG. Taking advantage that free DNA melting is a fully reversible and two-state process, Record and coworkers were able to accurately measure the equilibrium constant and subsequently determine the contribution of the destabilizing and stabilizing effects. 8 With AuNPs, however, a two-state model cannot be established and the reported method cannot be directly applied. Nevertheless, we can still conclude that for DNA-linked AuNPs, the excluded volume interaction played a major role in the presence of PEG, since an overall increase in T m was observed for all the PEGs. In summary, there are several important conclusions and implications from this study. First, the effect of PEG on DNA melting is described as the MC effect by biochemists and biophysicists. In the field of colloidal particle aggregation, 26 the same fundamental interaction is known as the depletion force. We consider that the amplified MC effect observed in this work can also be explained using the attractive depletion force. DNAfunctionalized AuNPs thus offer a highly tunable experimental system to bridge these two communities. Second, the change of physical property as a function of nanoparticle size is a hallmark of nano-science. Most of the previous work focused only on properties such as light absorption, emission, phase transition, and melting. 11, 27 We show here that the simple geometric interaction can also have a strong nanoscale effect. Third, we may not even need to have large biomolecules to observe the MC effect; even small molecules can be turned into macromolecules as long as they are attached to nanoparticles. For example, the 12-mer DNA is, by itself, considered a small molecule in terms of the crowding effect. It did not show a significant change in the excluded volume upon melting, but the crowding effect was observed when functionalized to AuNPs. Fourth, DNA-functionalized nanomaterials have already been used as analytical probes and drug carriers. 28 This study indicated that the property of DNA is affected by AuNPs. Therefore, the related MC effect needs to be taken into consideration, especially for cellular applications. Finally, this study provides a useful means to stabilize weak interactions. By attaching a large number of molecules to nanoparticles in a crowded environment, weak interactions may still lead to stable interactions because of both polyvalent binding and the enhanced MC effect.
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